Synaptic integration of transplanted leptin-responsive hypothalamic neurons restores energy balance and ameliorates obesity in db/db mice.
p. 4 To functionally repair complex circuitry in the central nervous system (CNS), newly incorporated neurons should be electrophysiologically and functionally integrated, whether transplanted or derived from endogenous progenitors. Newly integrated neurons might optimally be a single neuronal subtype in some "point-to-point" sensori-motor CNS systems, or instead a diverse and nucleus-specific population of neuronal subtypes for some critical, homeostatic systems organized into distributed nuclear structures. These systems often signal polymodally via neuropeptides, and are regulated by paracrine and endocrine mechanisms via multiple neuronal subtypes operating in parallel. One such critical homeostatic system is that of leptin signaling in hypothalamus, regulating energy balance, glucose, food intake, and body weight.
The adipocyte-derived hormone leptin signals through a variety of hypothalamic neuropeptide producing neurons; defective leptin signaling in the CNS due to gene mutations in either leptin (ob/ob) or its receptor (db/db) results in severe obesity and diabetes in both humans and rodents (1, 2) . Deletion or rescue of leptin receptors specifically in the CNS is sufficient to fully reproduce or rescue, respectively, the obesity and diabetic phenotypes (3, 4) . Recent studies link enhanced adult neurogenesis in hypothalamus to persistent body weight reduction (5, 6) ; a significant number of these newborn neurons were leptin-responsive. Leptin receptors are highly expressed by diverse populations of hypothalamic neurons; these include anorexogenic proopiomelanocortin (POMC) neurons and orexogenic neuropeptide Y (NPY) neurons. Cell type-specific deletion of leptin receptors selectively in POMC neurons or in both POMC and NPY neurons only partially replicates the phenotype of db/db mice (7) . This demonstrates that additional neuronal populations in hypothalamus or other brain regions are required for this modulatory system to function correctly, and suggest that local hypothalamic restoration of leptin receptor signaling by diverse neuron subtypes might lead to partial phenotypic rescue.
To investigate whether partial circuit reconstitution with the diverse hypothalamic neuronal populations involved in leptin signaling might substantially reverse energy balance defects in Czupryn-Zhou-…-Flier-Macklis: Transplanted hypothalamic neurons restore leptin signaling p. 5 db/db mice, we generated physical hypothalamic chimeras via micro-transplantation of small numbers of dissociated immature, wild-type, eGFP-expressing, leptin-responsive, hypothalamic cells (~1.5×10 4 per hypothalamus) into medial hypothalamus of postnatal day 0.5 (P0.5) to P5.5 db/db mice under high-resolution ultrasound guidance (8, 9) (Fig. 1A) . Donor cells were developmentally appropriate E13.5 immature neurons and progenitors, poised to develop into leptin-responsive hypothalamic neurons, able to integrate in circuitry (10) (11) (12) (13) (14) (15) (16) (17) (18) Notably, some newly incorporated eGFP + cells expressed neuronal subtype markers linked to regulation of energy balance. Seven ± 5% of transplanted eGFP + cells in representative sections developed and matured as POMC neurons (identified by immunocytochemistry directed against the POMC cleavage product ß-endorphin) (Fig. 1D ). Fewer eGFP + cells differentiated and survived as NPY neurons (Fig. 1E ). These morphologic and neurochemical results demonstrate that transplanted eGFP + cells mature and survive in recipient brains for at least 5 months, and develop into multiple distinct neuron types that normally reside in the hypothalamus.
To further classify the diverse neuronal subtypes of the newly incorporated neurons via their distinct electrophysiological properties, and to determine whether they functionally integrate into recipient hypothalamic circuitry, we performed whole-cell patch clamp recordings p. 6 of eGFP + cells in acute brain slice from the hypothalamus of recipient db/db mice, using reported methods (19) . We identified four different neuronal subtypes with distinct electrophysiological properties (Figs. 1F-I, table S1 ). The first and most frequent subtype, non-rebound regular-spiking neurons (NRRS, n = 17) (Fig. 1F) , showed an adapting, regular firing response to depolarizing current injections, with no voltage sag and no rebound action potentials fired following a strong hyperpolarizing current injection. These properties are typical of "type A" and "type C" neurons found in ARC (20) medium was injected into the same hypothalamic location of db/db mice, revealed no effect on body weight compared to db/db non-operated littermates ( Fig. 3A; fig. S10 ). Similarly, micro-transplantation of E13.5 wild-type hypothalamic eGFP + cells into hypothalami of control non-obese mice did not result in body weight differences compared to non-operated non-obese littermates (Fig. 3A) . To further investigate the specificity of the effect of transplanted immature hypothalamic neurons and progenitors, we micro-transplanted immature neurons from the neocortex isolated during an equivalent developmental stage (E16.5-E18.5) (11, 12, 32 To further investigate tissue-specific contributions to body weight reduction in transplanted db/db mice, post-mortem body composition was assessed using dual energy X-ray absorptiometry (DEXA). There was a significant decrease in the fat mass ( Fig. 3B ), but not in lean mass (fig. S12A). Of note, food intake was not significantly altered in these mice, suggesting that changes in fat mass were likely due to increased energy expenditure (fig. S12B).
Consistent with the body weight reduction, serum leptin was also significantly reduced ( Fig. 3C ).
We further investigated the efficacy of central hypothalamic cell transplantation in restoring peripheral metabolic parameters of blood glucose and serum insulin, two central biophysiological parameters that are dysregulated in db/db mice. Hypothalamically chimeric db/db mice displayed a large and significant reduction of blood glucose levels at both 9 and 13 weeks after transplantation ( Supporting figures S1 to S12
Supporting tables S1 to S3
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Materials and Methods

Mice
All mice were handled in accordance with guidelines established by Massachusetts General Hospital and Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committees, and in accordance with federal guidelines.
We used B6.Cg-m + / + Lepr db /J heterozygous breeders on background strain C57BL/6J (The Jackson Laboratory, stock number 000697 with the allele misty "m"). Offspring of heterozygous breeding pairs were genotyped during the first two postnatal days for selection of homozygous mutant Lepr db / Lepr db mice (db/db mice), using the genotyping protocol available on the Jackson Laboratory website as "Lepr db , Restriction Reaction, Version 1" for stock number 000697. Heterozygous littermates (Lepr db /+: "db/+"), which have normal body weight compared with the background strain C57BL/6J, were used as non-obese controls for biophysiological comparisons. Donor eGFP expressing mouse embryos for cellular transplantation were obtained by crossing wild type C57BL/6J females (Charles River Labs) with heterozygous males C57BL/6-Tg(CAG-EGFP)1Osb/J (The Jackson Laboratory, stock number 003291, background C57BL6/J). In heterozogotes, eGFP under the control of the chicken beta-actin promoter is widely expressed in all cells, with the exception of erythrocytes and hair. eGFP + mice possess wild-type alleles for the leptin receptor gene (+ db /+ db ), and do not display any body weight abnormalities compared with the background strain C57BL6/J. The presence of fluorescent eGFP protein in embryos was assessed using a fluorescence dissecting microscope (Nikon).
Breeding pairs were inspected every morning for vaginal plug detection; the morning of the day of insemination was defined as embryonic day 0.5 (E0.5) for developing eGFP + donors. For postnatal recipients, we defined the morning of birth as postnatal day 0.5 (P0.5), and the following morning as P1.5.
Mice were housed at 22°C-24°C in a 14/10-h light-dark cycle with free access to water and standard mouse chow (Prolab Isopro RMH 300; 4.10 kcal/g gross energy and 3.2 kcal/g metabolizable energy). Body weight was measured once per week starting from the 4th week of age. Related work indicates that newly incorporated neurons develop and integrate into circuitry over the first 4-6 weeks following neuronal birth (11, 14, 15) . Mice of the same sex were used for each set of quantitative comparisons, as presented in summary histograms (only females for Fig. 4 and fig. S8B; only males for fig. S8A ). Each group for such quantitative analyses consisted of at least 6 mice. Mice were housed 4 to 5 per cage, except for selected mice occasionally kept individually for food intake measurement (for a two-week period starting at 12 weeks of age). Food pellets were weighed once every 7 days.
BrdU labeling
Pregnant females were injected intraperitoneally with a solution of 5-bromodeoxyuridine (BrdU, Sigma-Aldrich, St. Louis, MO; administered to mice at a dose of 100 mg/kg of body weight, 10 mg/ml in a solution of 0.9% NaCl). Mice were injected at E10.5, E12.5, or E14.5. Cells labeled with BrdU were identified by immunocytochemistry (below).
Hypothalamic cellular micro-transplantation
Donors. Timed E13.5 pregnant dams with eGFP + embryos were deeply anesthetized with Avertin (250 mg/kg body weight), and embryos were removed into cold dissociation medium (pH=7.35; 20 mM glucose, 0.8 mM kynurenic acid, 0.05 mM D(-)-2-amino-5-phosphonovaleric acid (AP5), 50 U/ml penicillin, 0.05 mg/ml streptomycin, 0.9 M Na 2 SO 4 , and 14 mM MgCl 2 ). Embryos expressing eGFP were selected using a fluorescence-equipped dissecting microscope (SMZ-1500; Nikon), and small regions of the developing hypothalamic nuclei containing ARC, VMH, and DMH were microdissected in the presence of cold dissociation medium. During initial optimization of transplantation parameters, the remaining embryonic brains after microdissection were fixed, sectioned, and evaluated for microdissection accuracy. Accuracy was confirmed. Typically, each transplantation session utilized microdissected hypothalamic tissue pooled from 1 to 6 eGFP + embryos. Tissue pieces were enzymatically digested for 15-20 min (0.16 mg/l L-cysteine HCl, 12 U/ml papain, and 1U/ml DNAseI, pH = 7.35, prepared in dissociation medium) at 37°C. Enzymatic digestion was blocked by dissociation medium containing 10 mg/ml ovomucoid (Sigma) and 10 mg/ml bovine serum albumin (BSA; Sigma). After three rinses in cold transplantation buffer (OPTIMEM from Gibco, supplemented with 20 mM glucose, 0.4 mM kynurenic acid, 0.025 mM AP5) cells were mechanically dissociated using a sterile plastic 200 µl pipette tip. Supernatant was collected in transplantation buffer, and cells were resuspended in transplantation buffer (~5×10 4 cells/µl). Donor cells, kept on ice, were used immediately for transplantation. For control transplantations, E16.5-E18.5 eGFP expressing embryos were selected, sensorimotor cortex was isolated, and cellular dissociation steps were performed exactly as for hypothalamic donor cells.
Recipients. Homozygous mutant db/db and littermate heterozygous db/+ mice were used as recipients at ages P0.5-P5.5. Pups were anesthetized by hypothermia (~4 minutes on ice), then the hypothalamic nuclei were located using a VisualSonics Vevo 770 ultrasound-guided microinjection system (VisualSonics, Toronto, Canada) to precisely control the position of the micro-transplantation site (Fig. 1A) . Cells were delivered using a digitally controlled nanoinjection system (Nanoject Viarable, Drummond) via a glass micropipette with an outer diameter of 80-100 µm without any skull or skin incision. Typically, three injections per hypothalamus were performed bilaterally, with a total of ~5,000 cells per injection track (~14,000 to ~17,000 cells per hypothalamus). For each transplantation track, cells were slowly released along the rostro-caudal length of the hypothalamus, with multiple (typically 25-30) individual injections, each with a volume of 4.6 nanoliters. Spacing between transplantation tracks along the medio-lateral axis was ~200-400 µm. Sham operated mice were treated in the same manner, delivering equal volumes of transplantation buffer, with 1:10 (v/v) addition of green fluorescent microspheres (LumaFluor) to validate the accuracy of sham injection by post-mortem tissue analysis. After transplantation, mice were housed with foster lactating CD1 dams (Charles River Labs) until weaning.
Tissue processing and immunocytochemistry
At different times after transplantation or control experiments, db/db and db/+ mice were terminally anesthetized with Avertin (250 mg/kg body weight) and transcardially perfused with 10 U/ml heparin in 0.9% NaCl, followed by 4% paraformaldehyde. Brains were post-fixed in the same fixative solution for 24 hrs, rinsed with PBS, and cryoprotected in 30% sucrose at 4°C. Series of 30 µm coronal sections were obtained with a sliding microtome, and stored in PBS containing 0.02% sodium azide at 4°C until further use.
Free floating sections were incubated with a blocking solution of PBS containing 3% normal donkey serum and 0.25% Triton X-100 for 2 hr at room temperature. They were then incubated with primary antibodies overnight, and with secondary antibodies for 2-3 hr. The following antibodies were used at the following dilutions in blocking solution: rabbit polyclonal anti-GFP (1:500, Molecular Probes); goat polyclonal anti-GFP ( . Samples with omission of primary antibody were also included as negative controls. Sections were rinsed six times with PBS and incubated with Alexa Fluor 488-and Alexa Fluor 594-conjugated secondary antibodies (1:500, Molecular Probes). For leptin-induced pSTAT3 immunofluorescence, mice were fasted for 16h, then injected intraperitoneally with leptin (5mg/kg body weight). Mice were perfused 45min after leptin injection. Free-floating sections for pSTAT detection were pretreated with 1% NaOH, 1% H 2 O 2 for 20min, 0.3% glycine for 10 min, then incubated in blocking solution, with further steps of immunocytochemistry as described above.
Electron microscopy
Electron microscopic analysis was performed on the same slices in which dual whole-cell patch clamp experiments were previously completed. Fresh brain slices (250 µm thick) were fixed in 4% paraformaldehyde in PBS overnight. Fixed brain tissue containing hypothalamus was cryoprotected in 2.3 M sucrose overnight at 4°C. Ultracryosections were cut on a Leica EM FCS cryo-ultramicrotome and collected onto formvar carbon-coated nickel slot grids. Grids were incubated on drops of rabbit polyclonal anti-GFP (1:50, Molecular Probes) for one hour at room temperature, rinsed on drops of PBS, and incubated on drops of GAR 15 nm IgG gold (Ted Pella, Redding, CA) for one hour at room temperature. Grids were then stained on drops of uranyl acetate-tylose for 10 minutes on ice, then air-dried. Grids were examined using a JEOL 1011 TEM at 80 kV, and images were collected using an AMT (Advanced Microscopy Techniques, Danvers, MA) digital imaging system. Electrophysiology Electrophysiological slice preparation. Coronal brain slices containing the hypothalamus were prepared from adult transplanted mice (20 -30 weeks of age). Mice were anaesthetized with 2,2,2-tribromoethanol (Avertin; 250 mg/kg body weight) and transcardially perfused with ice-cold sucrose-containing cutting solution (in mM: 234 Sucrose, 5 KCl, 1.25 NaH 2 PO 4 , 5 p. 4 MgSO 4 , 26 NaHCO 3 , 25 Dextrose, 1 CaCl 2 , balanced with 95% O 2 / 5% CO 2 ). Brains were then removed after decapitation, rapidly dissected, and transferred into a chamber filled with ice-cold cutting solution. Coronal slices (250 µm) were cut with a tissue slicer (Vibratome 3000 plus) and incubated in oxygenated (95% O 2 / 5% CO 2 ) artificial cerebrospinal fluid (in mM: 125 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 26 NaHCO 3 , 10 Dextrose, 2 CaCl 2 ) at 35°C for 30 min before incubation at room temperature for at least 1 hr.
Electrophysiological recording. Whole-cell patch-clamp recordings of eGFP + cells were performed on coronal brain slices containing hypothalamus using previously published methods (see ref. 18) . Briefly, eGFP + cells were identified under epifluorescence using a GFP filter set, and the same cells were patched by switching to infrared differential interference contrast (IR-DIC) optics using 4 -6 MΩ glass pipettes filled with artificial intracellular fluid (in mM: 135 KCH 3 SO 3 , 4 KCl, 2 NaCl, 10 HEPES, 4 Mg-ATP, 0.3 Tris-GTP, 7 Tris 2 -Phosphocreatine, pH 7.3). Pipettes were connected to the headstage of a Heka EPC 10 amplifier (Heka Elektronik), and fast and slow capacitance and series resistance compensations were carefully adjusted. Liquid junction potentials were not corrected. Series resistance was normally less than 20 MΩ, and recordings exceeding 20% change in series resistance were terminated and discarded. Recordings were filtered at 2.9 kHz and digitized at 20 kHz.
Basic biophysical and firing properties were recorded in current-clamp mode. A DC hyperpolarization current (-10 --30 pA) was injected into cells to keep them from spontaneously firing (hyperpolarized membrane potential: ~ -60 mV). Input resistance was estimated with a negative square wave pulse (-25 pA, 200 ms). Membrane time constant was obtained by fitting a single exponential equation to the voltage response to this small negative current pulse. Positive current steps (duration: 0.8 s) were used to acquire firing properties.
Spontaneous EPSCs (sEPSCs) were recorded at a holding potential near the reversal potential for chloride, -70 mV (ECl). Spontaneous IPSCs (sIPSCs) became prominent when neurons were clamped at more depolarized membrane potentials (e.g. -40 mV). Continuous data were recorded in 10 sec sweeps, filtered at 1 kHz, and sampled at 20 kHz. Individual events were counted and analyzed with MiniAnalysis software (Synaptosoft).
Dual whole-cell patch clamp recordings were performed on pairs of neurons -either eGFP + donor neurons with native neurons, or dual native neuron pairs as the control. Two micropipettes filled with the same artificial intracellular fluid were simultaneously positioned over two cells ~20-50 µm apart. Giga-ohm seals were obtained on two neurons, and whole-cell patch clamp recordings were established. Neuron pairs were made to spike every 5 s by injecting 5 ms 300-500 pA current pulses. We averaged 10-20 traces to assess synaptic connectivity. We performed dual whole-cell patch clamp recordings from 31 eGFP + -native neuron pairs and 15 dual native neuron pairs. Of these, three eGFP + -native neuron pairs and one dual native neuron pair were coupled with fast synaptic connections. Based on these observations, we estimate that about 5-10% of hypothalamic neurons exhibit direct fast synaptic connections, approximately the same for both dual native neuron pairs and donor-native neuron pairs. We did not observe any electrically coupled neuron pairs.
Body composition
Carcasses of mice at 15 -27 weeks of age were analyzed with dual energy X-ray absorptiometry (DEXA) (MEC Lunar Corp., Minster, OH).
Blood assays
Blood samples were obtained in the morning from tail vein bleeds. Blood glucose was measured using a glucometer (OneTouch ultra, Bayer). Insulin and leptin concentrations were measured by enzyme-linked immunosorbent assay (ELISA) (CrystalChem).
Statistical Analysis
All values are expressed as mean ± SEM. Data were analyzed by unbalanced two-way analysis of variance (ANOVA) for body weight change over time. Post hoc pairwise comparison was performed using Tukey's HSD test. Comparisons between two groups were made by unpaired two-tailed Student's t-test.
Supporting text 1
Selection of appropriate stage of embryonic hypothalamus as a source of donor cells Donor cells were a developmentally appropriate population of immature hypothalamic neurons and progenitors poised to differentiate into the complex complement of parallel circuitry neurons responsible for hypothalamic leptin signal transduction. Most hypothalamic neurons undergo terminal division between embryonic day 10.5 (E10.5) and E13.5 (16, 17) , although these immature neurons do not acquire their mature properties until later in development (18) . We confirmed these prior reports using bromodeoxyuridine (BrdU) birth-dating, finding that most hypothalamic neurons are born between E10.5 and E12.5, with a few born as late as E14.5 ( fig.  S1 ). Thus, we chose E13.5 for donor neuron isolation to maximize the number of immature neurons and final stage progenitors.
Supporting text 2
We monitored body weight weekly from 4 to 20 weeks of age; related work indicates that newly incorporated neurons develop and integrate into circuitry over the first 4-6 weeks following neuronal birth (11, 14, 15) .
Supporting text 3
Neocortical donor cells (eGFP + wild-type) were isolated from E16.5-E18.5 embryonic neocortex; this developmental stage is close to the peak of cortical neurogenesis for superficial cortical lamina (32), roughly equivalent to a developmental time of E13.5 in the hypothalamus. 
Supporting Figure 1
Supporting Figure 12
Figure S12. Lean mass, food intake, and serum insulin levels in db/db mice transplanted with wild-type E13.5 hypothalamic cells are comparable to non-transplanted db/db mice. (A) Lean mass content measured by DEXA revealed no difference between db/db transplanted ("hypothalamically chimeric") and non-transplanted mice. (B) Food intake was measured during the 2-week period from age 12 to 14 weeks in transplanted and non-transplanted db/db females, and is presented as total kcal/2-week period. Food intake did not differ between db/db transplanted and non-transplanted mice. (C) Serum insulin levels, measured at 13 weeks of age, were the same in db/db transplanted and db/db non-transplanted mice. Table 1   Table S1 . Biophysical properties of eGFP-positive transplanted neurons. Four types of neurons were characterized (see the main text): NRRS, non-rebound regular-spiking; RRS, rebound regular-spiking; BS, burst-spiking; FS, fast-spiking. RP, resting membrane potential; Rin, input resistance; Tau, membrane time constant; fAHP, fast after-hyperpolarization; sAHP, slow after-hyperpolarization; V-sag, membrane voltage sag to -100 mV hyperpolarizing potential. Firing adaptation was calculated as: Firing adaptation (%) = 100(F 0 -F SS )/F 0 , where F 0 is the initial and F SS is the steady-state firing frequency. ARC, arcuate nucleus; VMH, ventromedial hypothalamic nucleus; DMH, dorsomedial hypothalamic nucleus; LH, lateral hypothalamic nucleus; MN, mammillary nucleus. VMH (4) ARC (2) LH (1) ARC (2) VMH (2) DMH (1) LH (2) MN (4) LH (1) Supporting Table 2 Cell types Nucleus Type A Type B Type C ARC 6 2 0 VMH/DMH 4 5 1 Table S2 . Distribution of eGFP + neurons in ARC and VMH/DMH based on their recovering firing behavior following a hyperpolarizing current injection. Type A cells resume baseline firing immediately. Type B cells resume firing immediately with a burst of action potentials. Type C cells resume firing with a latency. The ratios are very similar to previously reported distributions of native hypothalamic neurons in ARC (20) and VMH (35). ARC, arcuate nucleus; VMH, ventromedial hypothalamic nucleus; DMH, dorsomedial hypothalamic nucleus. Table 3 leptin-depolarizing neurons leptin-hyperpolarizing neurons drug change depolarizing hyperpolarizing no effect depolarizing hyperpolarizing no effect RP (mV) 4.5 ± 1.2 
Supporting
Low Glucose
Cell type RRS (2) NRRS (1) RRS (1) NRRS (4) NRRS (1) BS ( Table S3 . Leptin-depolarizing and leptin-hyperpolarizing eGFP + neurons exhibit distinct responses to glucose and insulin. RP, resting membrane potential; Rin, input resistance; NRRS, non-rebound regular-spiking; RRS, rebound regular-spiking; BS, burst-spiking. All numbers are means ± SEM, with the number of neurons in parentheses analyzed for each characteristic.
